Abstract. In 63% of 265 patients with erectile dysfunction a relevant arterial inflow disturbance was found by Doppler ultrasound examination. Correlation between Doppler and arteriography in 58 patients showed an accuracy of 95% in detecting penile arteries and an accuracy of 91% in discovering a pathological arterial pattern (arterial anomaly or arteriosclerotic obstruction). In 15 patients the arterial inflow was measured additionally by Doppler ultrasound technique after intracavernosal injection of vasoactive drugs (IIVD) (7.5 mg .papaverine and 0.25 mg phentolamine). This technique proved to be more reliable than in the flaccid state and markedly facilitated localization and assessment of pathological changes of the cavernosal arteries.
The Doppler ultrasound offers a noninvasive method for evaluating an arterial origin of erectile dysfunction. The blood supply of the corpora cavernosa derives from the cavernosal branch of each penile artery, as well as small additiorial branches from the dorsal penile artery [1] . In 1975, Abelson [2] determined for the first time the systolic penile blood pressure by means of Doppler ultrasound; it is usually evaluated in relation to the systemic (brachial) blood pressure and is designated as the penile-brachial index (PBI). Later, Doppler examinations of the penile arteries in the flaccid state were performed by recording the velocity curve. For this purpose, directional Doppler flowmeters with an ultrasound probe of 8 and 9 MHz were used. Doppler examination of the four penile arteries in the proximal and distal segment was introduced by Jevtich [3] and by Karadan et al. [4] . A further advance was the use of Doppler ultrasound of the penile arteries in association with the intracavernosal injection of vasoactive drugs (IIVD) [5] [6] [7] . A new technique for quantification of penile blood flow. duplex sonography and pulsed Doppler spectrum analysis, was introduced by Lue et al. [8] . They measured the diameter and the peak flow velocity of the dorsal and cavernosal arteries before and after intracavernosal injection of vasoactive drugs (IIVD).
Arteriography of the internal pudendal artery, on the other hand, represents an invasive testing method. The pioneering technique was described by Ginestie [9] and duhan et al. [10] . Today selective arteriography of the internal pudendal artery is performed via pharmaco-angiography, generally under peridural anesthesia [11, 12] .
It was the goal of the present study to evaluate the extent to which the noninvasive penile Doppler ultrasound technique is able to detect disturbances of arterial penile circulation as the cause of primary or secondar3-erectile dysfunction. Bilateral selective arteriography of the internal pudendal artery and its penile branches after intracavernosal application of vasoactive drugs was considered the final determinant of diagnosis.
Material.sand Methods
From Octo~r 198a to August 1986. 265 patients with erectile dysfunction fa:erage age 45.5 years) were evaluated according to the multidisciFiinary testing program shown in Table I . In all patients. DoFp.2,er ultrasound of the four penile arteries was performed w-ith ~e penis in the flaccid state. The penile vessels in the proximal a__-' ,,3 distal segment were examined by a technique modified from .re:tich [31 using the directional Doppler flowme- 
Doppler Ultrasound Technique of Penile Arteries in Flaccid State
Localization of Vessels. The superficial dorsal artery is first localized proximally above the root of the penis. The ultrasound probe is placed in the midline dorsally at the root of the penis at an angle of 45 ~ to the horizontal plane. The ultrasound probe is shifted to both sides in order to evaluate the left and right dorsal penile artery. The distal positioning occurs in the sulcus coronaflus. If no pulse sound can be demonstrated, the course of the dorsal penile artery is followed along the dorsum of the penis. The disappearance of the Doppler signal is recorded as the site of discontinuance. The Doppler signal over the deep cavernosal artery is localized on both sides proximally at the lateral surface of the root of the penis. At first, the Dopper probe is placed laterally on the dorsum of the penis and is then moved into a dorsal-ventral curve. When the deep artery is reached by the ultrasotmd cone. the probe is tilted at 45 ~ to the vertical plane. The optimal distal recording site for the deep artery was found to be about ?,,' 3 of the distance from the penile root to the sulcus coronarius. In pathological cases there are weak Doppler signals, with the velocity curves showing an amplitude that is low or not at all measurable. In isolated cases, no Doppler signal can be recorded. When documenting the Doppler findings, the strong signal was marked +, the weak signal (+), and the missing signal was marked 0. Overall, there were eight Iocalizations for the paired superficial dorsal artery and the deep cavernosal artery in the proximal and distal segment.
Assessment of the Doppler

Doppler Ultrasound Technique of Penile arteries by IIVD Testing
In 15 patients, Doppler examination of the penile arteries was performed before and after IIVD testing. For this purpose, 0.5 ml of the IIVD solution (7.5 mg papaverine and 0.25 mg phentolamine) were injected into the right corpus cavernosum. Doppler ultrasound was performed 3-5 rain after the injection, during increasing tumescence. The four penile arteries in the proximal and distal segments were localized, and the velocity curves were recorded. For the purpose of quantification, the resulting amplitudes were compared to the velocity curves, which had been determined during artificial erection with IIVD solution in potent men.
A rteriography
In 58 of the 265 patients examined by Doppler ultrasound, additional selective bilateral angiography under peridural anesthesia was performed. The internal pudendal artery and the penile vessels were demonstrated following prior injection of the [IVD solution (15 mg papaverine and 0.5 mg phentolaminel into the corpus cavernosum. The technique of selective pudendal arteriography in association with intracorporal injection of vasoactive drugs is described in detail in another article of this monograph.
Results
Findings Obtained by Doppler Ultrasound
The findings obtained by Doppler ultrasound in 265 patients with erectile dysfunction are shown in Table 2. A strong Doppler signal over all four penile arteries was found in 41 patients and a reduced H Gall el al,: Accuracy of Ultrasound of Penile Arteries Doppler signal over one dorsal artery was found in 52 patients and over two dorsal arteries in 5 patients. A pathological Doppler signal from one or two deep arteries, alone or in combination with dorsal arteries, was detected in 167 patients, and was the criterion of significant abnormality.
The results of Doppler ultrasound in the 15 patients before and after IIVD testing are shown in Table 3 . In comparative Doppler studies following IIVD testing, an additional vessel was localized in 13 of 120 measuring points, in most cases, there had been a reduced Doppler signal in the distal segment of a deep artery. Following IIVD. the flow curves over the deep artery and the dorsal artery usually showed higher amplitudes. The penile acceleration rate (the quotient of the amplitude of the velocity curves with and without IIVD) increased two-or threefold (Fig. 2) . A comparative qualitative analysis of the Doppler signal was performed before and after IIVD (always measured against the individual control). After IIVD, an improvement was found at 16 measuring sites of the distal dorsal and cavernosal arteries and a deterioration at three measuring points of proximal cavernosal arteries (net increase of 13).
Findings Obtained by Arteriography
Bilateral selective arteriography of 58 patients revealed a pathological arterial pattern in 49 cases (Table 4) . In 30 cases, angiography showed penile arterial anomalies: these were classified according to B/ihren [I 1] (Table 5 )-Angiography showed pre- dominantly complex anomalies and bilateral hypoplasia or aplasia of the penile arteries. Isolated arteriosclerotic lesions were present in 13 patients, and in association with arterial anomalies in three additional patients. The low incidence of arteriosclerotic obstructions in this series is due to our criteria of exclusion (occlusive vascular disease as of stage III, severe coronary heart disease, and age over 65 years). Arteriography in the patients with arteriosclerosis generally showed stenoses and occlusions in the terminal part of the internal pudendal artery bilaterally. Posttraumatic changes occurred in 3 patients in whom arterial obstructions were observed in the penile artery at the level of the urogenital diaphragm. (see also B~hren et al., this issue) 9 Ifi 9 patients, arteriography showed a normal arterial pattern with four patent penile arteries. Six of these 9 patients had unilateral supply to the corpora cavernosa.
Correlation of Doppler Ultrasound and Arteriography
Doppler and arteriographic findings could be compared in 58 patients (Table 6 ). In 46 cases with hypoplasia or aplasia of the penile arteries, arteriosclerotic stenoses and occlusions, or posttraumatic obstructions, abnormalities were seen by both angiography and Doppler ultrasound (true-positives). In 2 cases, Doppler examination was abnormal tp = true-positive, tn = true-negative, fp = false-positive, fn = false-negative whereas arteriography was normal (false-positives). In 3 cases, Doppler showed normal pulse sound despite arteriographic evidence of severe arteriosclerosis in the distal internal pudendal artery (falsenegatives). Seven normal arteriograms with two dorsal penile and two cavernosal arteries each were confirmed by Doppler ultrasound (true-negatives). Six of these cases were those with unilateral origin of the cavernosal arteries. The sensitivity of Doppler ultrasound in detecting pathological changes in the penile arteries was found to be 93.8% (Table 7) . Specificity was 77.7%, and overall accuracy was 91.3%.
The value of Doppler ultrasound in localizing penile vessels can also be assessed by comparing findings of Doppler and arteriography for proximal and distal segments of both arteries bilaterally (Fig.  3) . The graph shows high accuracy in detecting normally patent superficial dorsal arteries and slightly reduced accuracy regarding the deep cavernosal arteries. This is due to the fact that the deep artery is more difficult to localize [14] and that, in addition, it shows fluctuations in the blood supply [15] . Localization by Doppler ultrasound was possible in 354 of 376 angiographically determined segments of the penile arteries (94.1%). In 22 segments, Doppler failed, whereas angiography revealed arteries with a markedly reduced diameter. On the basis of 464 measuring segments used in 58 patients, the accuracy of Doppler (sum of positive and negative correspondence) was 95.2%.
Discussion
In order to provide quantifiable information on the arterialization of the flaccid penis, the penile-brach- ial index (PBI) was determined for the first time in 1975 by Abelson [2] by means of Doppler ultrasound. A PBI < 0.6 is regarded as a diagnostic criterion of erectile dysfunction of arterial origin [4, [16] [17] [18] . However, corhparative studies of PBI and arteriography of the internal iliac artery showed that the PBI is not reliable in indicating the presence of a proximal stenosis in the area of the internal lilac or internal pudendal arteries [11, 12, 19] . Moreover, it is not very reliable in the identification of vascular anomalies [12] . Overall, we think that the PBI is only of limited importance with regard to the evaluation of a disturbed arterial blood supply in anomalies and arteriosclerotic stenoses or occlusions. This observation coincides with that of Zorgniotti et al. [20] . More valuable information on the hemodynamics in the penile vessels is provided by Doppler examination of the four arteries in the proximal and distal segment with quantification of the Doppler signal. The problem in the assessment of abnormal penile arterialization is to find a correlation between the number and the caliber of the penile arteries and the extent of the associated functional impairment. Doppler ultrasound of 30 young potent men showed that hypoplasia or aplasia of one dorsal artery is common (-30%). and certainly does not lead to primary impotence [12] . In addition, arteriographic findings revealed that arterial anomalies must be severe, bilateral, and involving the deep cavernosal artery in order to cause primary erectile dysfunction [11] . With increasing age we believe that minor abnormalities of the deep caversonal arteries become more important as a cause of secondao' impotence, especially when accompanied with risk factors of arteriosclerosis. This interpretation is in accord with results of our pharmacological test using the combination of 7.5 mg papaverine and 0.25 mg phentolamine in 100 multidisciplinary evaluated patients [5] . I"o gain full erection, the patients with congenital abnormalities Of the deep cavernosal arteries needed more than 0.5 ml solution of the vasoactive drugs, whereas a control group of potent men reached full erection with this dose. Therefore, we consider these arterial abnormalities to be hemodynamically relevant arterial inflow disturbances, and a cause of secondary erectile dysfunction.
(With regard to the relevance of arterial variants as cause of erectile dysfunction, also see B~ihren et al., this issue.) The comparative examinations with angiography showed a high accuracy (95%) of Doppler in localization of penile arteries. Doppler ultrasound failed predominantly in the case of hypoplastic vessels, where the flow values were below the detection limit of Doppler ultrasound technique. The sensitivity of Doppler ultrasound in demonstrating a pathological arterial pattern >,'as 93.8%. Doppler examination of the penis was able to show the pathological changes in all cases of hypoplasia or aplasia of penile arteries (Fig. 4) and in most cases of arteriosclerotic occlusions and stenoses causing impaired penile circulation (Fig. 5) . Our findings are similar to those of Jevtich and Maxwell [3, 21] . They observed agreement between Doppler and arteriography in the detection of obstructive vascular changes in about 90% of the cases and in the localization of the four penile arteries in 97%.
Progress in the diagnosis of vascular impotence has been achieved by Doppler ultrasound of the penile arteries in association with IIVD. In comparative studies performing Doppler ultrasound in 15 patients with and without IIVD, the four penile arteries were more frequently detected after IIVD. The assessment of the Doppler sound showed an improvement at 16 sites and a deterioration at 3, the changes demonstrate to what extent the vasomotor reserve can be increased. The arterial inflow measured by means of IIVD is more reliable than that in the flaccid state because it reflects the hemodynamics in the functional state. Therefore, we currently perform Doppler ultrasound in the four penile arteries only after IIVD with 0.5 ml of solution.
Doppler ultrasound of the penile vessels after intracavernosal injection of vasoactive drugs is a minimally invasive and accurate method to define the arterial inflow, and is therefore an important diagnostic step in the multidisciplinary evaluation program of erectile dysfunction [3, 4, 6, 12, 19, 22] . The high diagnostic effectiveness of Doppler ultrasound reduces the need for invasive angiography of the internal pudendal artery. It is performed in primary as well as posttraumatic erectile dysfunction, and is an indispensable prerequisite for all intended revascularizations [23] .
